Methods: In this prospective observational study, infants and children receiving dialysis for end-stage renal disease (ESRD) or acute kidney injury (AKI) in a regional paediatric nephrology centre were eligible. Lung ultrasound examinations were performed during in-centre dialysis, on home visits or in an outpatient clinic. Fluid overload was assessed by quantifying B-lines on ultrasound and compared with proportional (%) increase in patient weight from the target weight. Results: A total of 142 ultrasound assessments were performed in 23 children. In children with AKI, median B-line score reduced from 5 (range 0-22) at presentation to 1.5 (0-4) at recovery (P ¼ 0.04) with concurrent improvement in fluid overload judged by weight from 7.2 (À1.9 to 15.2)% to 0%. A linear correlation between lung ultrasound B-line score and fluid overload judged by weight was observed in children with AKI (r ¼ 0.83) and ESRD (r ¼ 0.61). Inter-observer variability was acceptable. Conclusions: Lung ultrasound is a practical and sensitive method of quantifying subclinical fluid overload in infants and children on dialysis. Interventional studies to determine the benefits of using lung ultrasound to optimize the target weight for children with ESRD are merited.
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I N T R O D U C T I O N
The prescription of target weight, as assessed by optimal fluid status, remains an important clinical challenge in children's dialysis prescriptions. Fluid overload is an independent cardiovascular risk factor in paediatric dialysis patients in whom hypertension and left ventricular hypertrophy are common [1] [2] [3] . Chronic fluid overload is associated with cardiovascular morbidity and mortality [4] [5] [6] [7] , while excessive ultrafiltration can result in intradialytic hypotension [8] .
Optimizing target weight in the paediatric dialysis population is particularly challenging for a number of reasons. Dry weight changes frequently as children can gain significant body weight over relatively short periods through growth and can lose weight rapidly when unwell. The target weight is largely determined empirically, with clinical fluid assessment being subjective and imprecise [9] [10] [11] . Objective measures of fluid status such as bioimpedance spectroscopy are increasingly used in children on dialysis, but have not been not validated in infants [12] [13] [14] [15] . Practical methods for objective fluid assessment in infants and children are needed.
In recent years, the use of lung ultrasonography to detect extravascular lung water as a marker of generalized fluid overload has received growing attention in adult patients undergoing chronic haemodialysis [16, 17] and peritoneal dialysis [18, 19] . Sonographic detection of extravascular lung fluid is possible via linear artefacts originating from water-thickened interlobular septa and other sub-pleural structures [20, 21] . When lung density increases due to transudate, the acoustic mismatch between lung and surrounding tissues is lowered, resulting in partial reflection and reverberation of the ultrasound beam. This creates discrete hyper-echogenic reverberation artefacts arising from the pleural line known as 'B-lines'. In adult patients, quantification of B-lines with lung ultrasound correlates with extravascular lung water [22] . B-lines are generally absent in euvolemic patients, and appear before clinical symptoms or signs of fluid overload [16] [17] [18] [19] .
Lung ultrasound allows reliable quantification of fluid overload in adult dialysis patients but has not previously been studied in children. We hypothesized that fluid overload can be quantified in infants and children receiving dialysis using lung ultrasound.
M A T E R I A L S A N D M E T H O D S
In this prospective observational study, all infants and children receiving dialysis for end-stage renal disease (ESRD) or acute kidney injury (AKI) in a regional paediatric nephrology centre between 1 May 2015 and 1 October 2015 were eligible to participate. The study protocol conformed to the Declaration of Helsinki and was approved by a national research ethics committee.
Children under 18 years of age receiving dialysis during the study period in our centre, which serves a regional population of 4 million, were screened for eligibility. Exclusion criteria were co-existent lung fibrosis, atelectasis, lymphangitis, interstitial lung disease, cardiac failure or acute respiratory distress syndrome (ARDS). In these conditions, B-lines may represent underlying pathology and confound the assessment of fluid overload.
Anonymized baseline demographic data were collected. Clinical parameters were assessed serially including weight, blood pressure and clinical examination of fluid status. Patients were weighed undressed on a calibrated electronic weighing scale. Blood pressure was measured manually with a sphygmanometer and stethoscope or Doppler device as appropriate. Patients' clinical fluid status was assessed using physical signs, including mucous membrane appearance, skin turgor, jugular venous pressure and oedema together with measured parameters such as blood pressure. Clinical fluid status was assigned a score of À1 to 3 by the attending physician with À1 representing dehydration, 0 euvolemia, 1 mild fluid overload, 2 moderate overload and 3 severe overload.
Lung ultrasound evaluations were performed whilst patients attended for regular haemodialysis, opportunistically during hospital admissions and during routine outpatient clinic reviews for patients on peritoneal dialysis. In order to assess lung ultrasound changes in real time following ultrafiltration, haemodialysis patients had ultrasound examinations within 15 min of commencing dialysis, and within 15 min of finishing the session.
Ultrasound examinations were performed at the bedside with a commercially available portable device (SonoSite S-ICU C60; SonoSite; Bothell, Washington, DC, USA) with a 6-13 MHz linear probe (SonoSite L25x) in B-mode. B-lines were quantified in 14 intercostal positions on the anterior and lateral chest wall for patients weighing under 20 kg and 28 positions for patients over 20 kg (Figure 1 ). Older children were scanned in a semi-supine position, or sitting upright as per patient
preference. Infants were scanned supine with distraction from a parent, carer or play specialist.
Two observers, a paediatric nephrology consultant and a resident in nephrology, received specific training and performed 50 preparatory lung ultrasound examinations. A standardized method was applied to identify and quantify B-lines in each anatomical position. B-lines were defined by the following characteristics: hyper-echogenic lines perpendicular to the probe surface, origination at the pleural line, extension to the lower limit of the field, independence from A-lines ( Figure 2A ) and synchronous movement with pleural sliding [21, 23] . In each position, B-lines were quantified from 0 to 10 ( Figure 2B-D) . The maximum number of B-lines visualized at each site was recorded. Assessment of maximal B-line density was facilitated via freeze-frame review of images during the assessment. For each assessment, a total B-line score was calculated.
In order to assess inter-observer variability, two observers performed separate ultrasound examinations on 10 randomly selected patients. Both observers were blinded to clinical data and ultrasonographic B-line measurements from the other operator. Results were compared using Bland-Altmann analyses.
Fluid overload was quantified by relative increase in patient weight from baseline and expressed as percentage. For children with AKI, baseline weight was defined as the lowest weight recorded during the hospital admission following resolution of AKI. For children with ESRD, baseline weight was defined as the target weight as prescribed by the responsible physician using a combination of serial blood pressure and weight measurements in conjunction with physical examination and bioimpediensiometry. The target weight was reviewed monthly, or sooner in the event of intradialytic symptoms or changes in blood pressure outside set parameters.
For children with AKI, lung ultrasound B-line scores at presentation were compared with those obtained following resolution of AKI-related fluid overload. For children with ESRD on haemodialysis, real-time changes in B-line scores were assessed by comparing B-lines at the beginning, and at the end of individual dialysis sessions. Paired data were compared using Wilcoxon matched-pairs signed rank testing. Correlation of B-line scores with fluid overload judged by weight was assessed using Pearson's correlation and regression analyses.
All analyses were performed using STATA 13 (StataCorp., 2013, Stata Statistical Software: Release 13; StataCorp. LP, College Station, TX)
R E S U L T S
Twenty-nine children undergoing acute or chronic dialysis treatment were screened. Two patients had one or more exclusion criteria (one ARDS, one interstitial pneumonia and pulmonary hypertension). Twenty-three of 27 eligible patients and families consented to participate in the study.
Eight patients were dialysed for AKI with various modalities (six haemodialysis, one peritoneal dialysis and one continuous veno-venous haemofiltration). Fifteen patients with ESRD were included (nine chronic automated peritoneal dialysis, six chronic haemodialysis). Of the 15 children with ESRD, 4 were anuric, 4 were oliguric passing <0.5 mL/kg/h and 7 had residual urine output >1 mL/kg/h. The median age was 4.7 years (range 3 weeks to 15.0 years) with weight 15.5 (range 3.5-44.5) kg. Table 1 .
A total of 142 lung ultrasound assessments were performed in 23 children. The duration of ultrasound assessments ranged from 3 to 8 min. Ultrasound was well tolerated in both infants and children. Regular lung ultrasound examinations were acceptable to families of infants as the procedure caused minimal or no distress.
In children with AKI, the median B-line score reduced from 5 (range 0-22) at presentation to 1.5 (0-4) at resolution ( Figure 3 , P ¼ 0.04). The reduction in B-line score was concurrent with reduction in fluid overload judged by weight from 7.2 (À1.9 to 15.2)% to 0% (Figure 4) . Improvement in B-line score correlated with reduction in fluid overload for individual patients (Figure 4) . In all children with clinical signs of moderate to severe fluid overload, a minimum of 12 B-lines were observed.
A linear correlation between lung ultrasound B-line score and fluid overload judged by weight was observed in AKI (r ¼ 0.83) and ESRD (r ¼ 0.61) ( Figure 5 ).
Changes in B-line score were observed in real time during individual haemodialysis sessions with ultrafiltration. In patients with AKI, median fluid overload by weight was 10.2% pre-haemodialysis and 8.3% post-haemodialysis with median ultrafiltration volume 1.9% of bodyweight per dialysis session. The median number of B-lines fell from 22 pre-to 15 posthaemodialysis. In patients with ESRD, median overload was 0.6% pre-haemodialysis and 0% post-haemodialysis with ultrafiltration volume 0.4%. Concurrent reduction in the median number of B-lines from 2 to 0 was observed.
The patient target weight was not achieved in all haemodialysis sessions. Reasons for this included pre-dialysis weight that exceeded the maximum allowable ultrafiltration volume per dialysis session, and stopping ultrafiltration prematurely due to intradialytic symptoms. Intra-individual variability in lung ultrasound B-lines was observed and correlated with changes in patient weight (Supplementary data, Figure S6 ). Differences in the fluid status of children with ESRD on haemodialysis and peritoneal dialysis were observed. In children on haemodialysis, median fluid overload by weight and B-lines were 0 (range À5 to 1.9)% and 1 (0-9), respectively. For children on peritoneal dialysis, median weight overload and B-lines were 1 (À6 to 6.8) % and 10 (0-26), respectively (Supplementary data, Figure S7 ).
In inter-observer variability assessments, the median B-line score was 4 (range 0-25) versus 5 (range 0-29) for observers 1 and 2, respectively. Bland-Altman analysis showed acceptable agreement between the two observers (Supplementary data, Figure S8 ).
D I S C U S S I O N
This study found lung ultrasound to be a practical and sensitive method of quantifying fluid overload in infants and children on dialysis. Ultrasound assessments are short, well tolerated and acceptable to paediatric patients and their families. The technique is sensitive, detecting fluid overload in asymptomatic children without clinical signs of fluid overload. Changes in the lung ultrasound B-line score were apparent in real time with fluid removal during dialysis.
Lung ultrasound is a non-invasive, radiation-free and inexpensive technique. It can be performed at the bedside with a portable device. It is straightforward to learn and interpret, and not dependent on acoustic windows or patient position.
In the adult population, the use of lung ultrasound to detect extravascular fluid has received growing attention over the last decade. Several studies have demonstrated an association of Blines on lung ultrasound with other radiographic signs and physiological markers of fluid overload and cardiac dysfunction. These include X-ray and computed tomography findings suggestive of extravascular lung water [22, [24] [25] [26] , thermodilution assessments with Swan-Ganz catheters [27] , pulmonary artery wedge pressures [28] , natriuretic peptide levels [29] , on-line intradialytic blood volume monitoring [30] and echocardiographic findings of heart failure [31, 32] .
In adult patients with ESRD on dialysis, the value of lung ultrasound in detecting and quantifying generalized fluid overload has been demonstrated. Lung ultrasound findings correlate with clinical parameters of fluid overload including intradialytic weight gain and residual weight after dialysis [17, 33] . B-lines correlate with other objective markers of fluid overload including bioimpedance spectroscopy, B-type natriuretic peptide and inferior vena cava diameter [34, 35] . Lung ultrasound is sensitive in detecting fluid overload in the absence of fluidrelated symptoms [17-19, 36, 37] . Recent studies have demonstrated an association between lung ultrasound B-line score and poor physical functioning [38, 39] . Moreover, two studies have found lung congestion detected with lung ultrasound to be an independent predictor of cardiac events and death [16, 40] . This is the first report of lung ultrasound in the fluid assessment of infants and children on dialysis. The findings corroborate those from studies in adult dialysis patients, notwithstanding marked physiological differences in infants and children. Our data demonstrate that lung ultrasound can quantify fluid overload in infants and children on dialysis. The technique is sensitive enough to detect fluid overload in asymptomatic children, reliable in quantifying varying degrees of fluid overload and sufficiently responsive that real-time changes in fluid status during dialysis ultrafiltration are mirrored in the B-line score.
In our study, the linear correlation of the B-line score with fluid overload was stronger in children with AKI as opposed to ESRD. This difference may relate to the lack of a gold standard dry weight in children with ESRD, for whom target weight is determined empirically by the clinical team. In contrast, for patients with AKI, baseline weight was determined objectively following resolution of fluid overload and was therefore more likely to represent physiological dry weight. As quantification of fluid overload by weight is dependent on the target/dry weight, the lack of an objective target in ESRD may have impaired the correlation with lung ultrasound B-line score.
Lung ultrasound can detect changes in patient fluid status in real time. In adult dialysis patients, B-line scores change concurrently with ultrafiltration [17] . Our data corroborated these findings in children. We observed reduction in children's B-line scores during individual haemodialysis sessions with ultrafiltration. This observation, together with the finding that B-lines quantify subclinical fluid overload in children, suggests a possible application of ultrasound to guide progressive reduction in post-dialytic weight in order to optimize patients' baseline fluid status. Lung ultrasound examinations were acceptable to infants, children and most adolescents on peritoneal and haemodialysis. No patients or families withdrew from this study due to lack of tolerability of ultrasound examinations. Two female adolescents chose not consent to participate in the study, which suggests that the technique may be less acceptable to this patient group.
Technical aspects of fluid assessment with lung ultrasound are progressing as cumulative experience of the technique grows. Various transducers (convex, microconvex, linear or phased array) have been used to quantify B-lines in adult patients; however, there is currently no published evidence to suggest that any one is superior. In children, the most practical choice of probe is linear or microconvex for two reasons. First, these probes allow access to the intercostal spaces with minimal interference from ribs during repositioning and angulation. Secondly, linear probes facilitate better assessment of superficial structures such as pleura, thus allowing reliable quantification of pleural-based B-lines and enhanced detection of pleural fluid.
Inter-observer variability of lung ultrasound has been shown to be acceptable in previous studies with adult patients [34-36, 41, 42] . Our data corroborated this finding with a single outlying value on Bland-Altman analysis comparing two independent ultrasound operators in 10 randomly selected assessments.
This first study of lung ultrasound as a fluid assessment tool in infants and children on dialysis has a number of limitations. Data were collected in a single paediatric nephrology centre and do not account for differences in treatment practices between units. The number of patients is relatively small, with few having clinically detectable fluid overload. The sample is heterogeneous with respect to both kidney disease and dialysis modality. Sonographers were not blinded to the timing of lung ultrasound relative to dialysis treatment sessions, allowing the potential for observer bias. The lack of an objectively determined target weight in children with ESRD impaired the reliability of the weight-based quantification of fluid overload with which lung ultrasound was compared. Notwithstanding these limitations, our data demonstrate clear potential of this straightforward bedside technique in quantifying fluid overload and optimizing target weight in this patient group.
This study highlights the value of lung ultrasound as a practical and inexpensive tool to aid optimization of the target weight in infants and children on dialysis. The technique is sensitive and responsive to real-time changes in fluid status during dialysis ultrafiltration. Given these data, interventional studies to determine the long-term clinical benefits of optimizing children's target weight using lung ultrasound are merited.
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